The isothermal section of the phase diagram of the ternary system Ce-Ti-Sn was constructed in the whole concentration range at 600°C by means of X-ray powder diffraction. The binary compounds of the systems Ce-Sn and Ti-Sn dissolve negligible amounts of the third component. Two ternary compounds, CeTi 6 Sn 4 and ~Ce 3 TiSn 5 , were found. The crystal structure of the compound CeTi 6 Sn 4 belongs to the structure type ZrFe 6 Ge 4 (Pearson symbol hR33, space group R-3m, a = 5.8101(11) , c = 22.971(5) Å). It completes the row of isotypic RTi 6 Sn 4 compounds with ZrFe 6 Ge 4 -type structure (R = Y, La-Nd, Sm, Gd-Tm, Lu).
Introduction
Among the ternary systems R-Ti-Sn, where R is a rare-earth metal, the isothermal sections at 200°C have been constructed in the whole concentration regions for the systems La-Ti-Sn [1] , Ce-Ti-Sn [2] , and Gd-Ti-Sn [3] . The Sn-poor region (0-40 at.% Sn) of the ternary system Dy-Ti-Sn has been investigated at different temperatures (900, 1100, 1200, and 1400°C) [4] [5] [6] and the liquidus and solidus projections have been constructed [7] . No ternary compounds were found in the systems with R = La and Ce at 200°C, but ternary phases of composition RTi 6 Sn 4 were reported in the systems with Gd [3] and Dy [8] . Isotypic ZrFe 6 Ge 4 -type RTi 6 Sn 4 compounds have so far been found with R = Y, La-Nd, Sm, Gd-Tm, Lu [3, [8] [9] [10] .
To our knowledge, no information is available about the phase diagrams or ternary compounds of the systems R-{Zr,Hf}-Sn.
The binary systems that delimit the ternary system Ce-Ti-Sn have been studied in the whole concentration range and the corresponding phase diagrams constructed. Eight binary compounds were found in the system Ce-Sn [11, 12] . The compounds Ce 5 Sn 4 , Ce 3 Sn 5 , and CeSn 3 melt congruently at 1515, 1180, and 1170°C, respectively, whereas Ce 3 Sn, Ce 5 Sn 3 , Ce 11 Sn 10 , Ce 3 Sn 7 , and Ce 2 Sn 5 form via peritectic reactions at 940, 1505, 1375, 1135, and 1145°C, respectively. A certain homogeneity range is believed to exist for Ce 11 Sn 10 . An additional compound, Ce 2 Sn 3 , was reported later [13] . The existence of five binary compounds has been established in the system Ti-Sn [14, 15] . The compounds Ti 3 Sn and Ti 6 Sn 5 melt congruently at 1670 and 1490°C, respectively, whereas Ti 2 Sn, Ti 5 Sn 3 , and Ti 2 Sn 3 form via peritectic reactions at 1550, ~1520, and ~750°C, respectively. Three compounds, Ti 5 Sn 3 , Ti 6 Sn 5 , and Ti 2 Sn 3 , are characterized by constant compositions, while for the compounds Ti 3 Sn and Ti 2 Sn homogeneity ranges of 1 at.% (Ti 3 Sn) and 1.5 at.% (Ti 2 Sn) at 600°C, respectively, were established. No binary compounds form in the system Ce-Ti.
In this work we present the results of an investigation of the phase equilibria in the system Ce-Ti-Sn at 600°C and the crystal structure of the ternary compound CeTi 6 Sn 4 .
Experimental
The investigation was carried out on 34 alloys, which were synthesized from high-purity metals (Ce ≥ 99.9 mass%, Ti ≥ 99.99 mass%, Sn ≥ 99.99 mass%) by arc melting under argon atmosphere using a water-cooled copper hearth and a tungsten electrode. Argon was additionally purified during the synthesis by a molten Ti getter. To ensure homogeneity the samples were melted twice. After synthesis the alloys were annealed at 600°C in quartz ampoules under vacuum for 1.5 month. Finally the ampoules with the samples were rapidly quenched into cold water. The weigh losses, which were controlled at all stages of the synthesis, did not exceed 2 mass% of the total mass, which was approximately 1 g for each alloy.
Phase analysis was carried out using X-ray powder diffraction data collected at room temperature on a diffractometer DRON-2.0M (Fe Kα radiation, λ = 1.93801 Å, angular range 30° ≤ 2θ ≤ 90°, step 0.05°). It was performed by comparison of the experimental patterns with theoretical patterns of the metals and known binary compounds [16] , using the program PowderCell [17] . The cell parameters of the individual phases were refined with the UnitCell program [18] . The structure of the ternary compound CeTi 6 Sn 4 was refined on X-ray diffraction data collected on a powder diffractometer STOE Stadi P (Cu Kα 1 radiation, λ = 1.54056 Å, linear detector, 6° ≤ 2θ ≤ 110°, step 0.015°). The profile and structural parameters were refined by the Rietveld method using the FullProf Suite program package [19] .
Results and discussion

The binary systems
The existence of 14 compounds in the boundary binary systems Ce-Sn and Ti-Sn at 600°C was confirmed: Ce 3 Sn, Ce 5 Sn 3 , Ce 5 Sn 4 , Ce 11 Sn 10 , Ce 2 Sn 3 , Ce 3 Sn 5 , Ce 3 Sn 7 , Ce 2 Sn 5 , CeSn 3 , Ti 3 Sn, Ti 2 Sn, Ti 5 Sn 3 , Ti 6 Sn 5 , and Ti 2 Sn 3 . Crystallographic data, including cell parameters refined from X-ray powder diffraction data obtained for different alloys, are summarized in Table 1 .
Isothermal section of the phase diagram of the system Ce-Ti-Sn at 600°C
The isothermal section of the phase diagram of the ternary system Ce-Ti-Sn at 600°C is shown in Fig. 1 . It contains 19 single-phase, 37 two-phase and 19 three-phase fields. The highest numbers of equilibria (7) are formed with the phases Ti 6 Sn 5 and CeTi 6 Sn 4 . The limits of the liquid part at the tin corner was extrapolated from its limits at 600°C in the binary systems: 6.7 at.% in the system Ce-Sn and 4.1 at.% in the system Ti-Sn [11, 15] . The binary compounds of the systems Ce-Sn and Ti-Sn do not dissolve noticeable amounts of the third component. Two ternary compounds of constant compositions CeTi 6 Sn 4 and ~Ce 3 TiSn 5 were found at 600°C. The exact composition of the latter was not established, therefore, the equilibria involving this phase are drawn by dotted lines in Fig. 1 .
The phase diagram of the Ce-Ti-Sn system is similar to the phase diagrams reported for other R-Ti-Sn systems (R = La, Gd, Dy) [1, [3] [4] [5] 7, 8] . These systems are all characterized by negligible solubility of the third component in the binary compounds and a low number of ternary compounds. Ternary compounds RTi 6 Sn 4 with ZrFe 6 Ge 4 -type structure have been found in the systems with R = Y, La-Nd, Sm, Gd-Tm, Lu [3, [8] [9] [10] 20] . Comparing the isothermal section of the ternary system Ce-Ti-Sn at 600°C investigated here, with the section at 200°C determined earlier [2] , one may note the increased complexity of the interactions between the components at the higher temperature, underlined by the formation of two ternary compounds, absent at 200°C.
The ternary compound CeTi 6 Sn 4
The crystal structure of the ternary compound CeTi 6 Sn 4 was determined by means of X-ray powder diffraction. It was refined by the Rietveld method, starting from the atom coordinates of the structure type ZrFe 6 Ge 4 (Pearson symbol hR33, space group R-3m) [21] . The sample used for the refinement contained four phases. Only the scale factors and cell parameters were refined for the admixture phases, and the profile parameters were constrained to be equal to those of the main phase. At the final step, in total 24 parameters were allowed to vary: 2θ shift (with sin(2θ) dependence sample transparency coefficient), four scale factors, eight cell parameters, six profile parameters (pseudo-Voigt profile), four positional parameters, and one texture parameter. The isotropic displacement parameters were constrained as follows: B iso (Ce) = 0.5, B iso (Ti) = 1.0, B iso (Sn) = 0.7 Å 2 , and were not refined. The background was defined by linear interpolation between 43 points. Experimental and calculated X-ray powder diffraction patterns and the difference between them, for the sample of nominal composition Ce 9 Ti 55 Sn 36 are shown in Fig. 2 . Experimental details and crystallographic data for the individual phases are listed in Table 2 . Atomic coordinates in the structure of the ternary compound CeTi 6 Sn 4 are listed in Table 3 , while the іnteratomic distances, coordination numbers and coordination polyhedra are presented in Table 4 .
The ternary compound CeTi 6 Sn 4 crystallizes in the rhombohedral structure type ZrFe 6 Ge 4 (Pearson symbol hR33, space group R-3m, a = 5.8101(11), c = 22.971(5) Å). The structure is characterized by an ordered distribution of atoms in four sites: the site in Wyckoff position 3a is occupied by Ce atoms, the two sites in 6c by Sn atoms and the site in 18h by Ti atoms. The Ce atoms center 20-vertex polyhedra CeTi 12 Sn 8 (hexagonal prisms Ti 12 with eight additional Sn atoms above the faces). The coordination polyhedra of the Sn atoms are anticuboctahedra Sn1Ce 3 Ti 6 Sn 3 and truncated hexagonal bipyramids Sn2CeTi 9 . The Ti atoms are surrounded by 11-vertex pseudo Frank-Kasper polyhedra TiTi 6 Sn 5 , which can be described as distorted defect cuboctahedra. The structure can be seen as a stacking of layers of slightly distorted Ce 3 Ti 6 Sn 3 anticubooctahedra and layers of truncated CeTi 9 hexagonal bipyramids along the crystallographic direction [001]. The titanium atoms form kagome nets perpendicular to [001].
CeTi 6 Sn 4 can be added to the row of already known isotypic compounds RTi 6 Sn 4 with ZrFe 6 Ge 4type structure. It maybe noted that this structure type is sometimes referred to as LiFe 6 Ge 4 , since the structure of this compound, which was refined in space group C2/m [22] , can be described in space group R-3m after minor adjustments [23] . At present, RTi 6 Sn 4 compounds with ZrFe 6 Ge 4 -type structure are known for R = Y, La-Nd, Sm, Gd-Tm, and Lu [3, [8] [9] [10] , i.e. for both light and heavy rare-earth metals, Eu and Yb being not included in the list. During the refinement of the structures of the ternary phases with R = Tm and Lu on X-ray single-crystal data [9] , the site in Wyckoff position 3a was found to be occupied by a statistical mixture of R and Sn atoms, leading to the off-stoichiometric compositions Tm 0.86(1) Ti 6 Sn 4.14 (1) and Lu 0.92(1) Ti 6 Sn 4.08 (1) , respectively. This indicates that small homogeneity ranges probably exist. The chemical bonding in LuTi 6 Sn 4 and a series of isotypic germanides was studied based on DFT calculations in [20] . and is characterized by an ordered distribution of the atoms.
